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ABSTRACT Candida auris is a multidrug-resistant nosocomial fungal pathogen. While
the marine environment was recently identified as a natural niche for C. auris, the envi-
ronment(s) that might have contributed to the development and spread of antifungal
resistance in C. auris remains a mystery. Because stored fruits are often treated with fun-
gicides to prevent postharvest spoilage, we hypothesized that stored fruits could serve
as a possible selective force for and a transmission reservoir of antifungal-resistant iso-
lates of pathogenic yeasts, including C. auris. To test this hypothesis, we screened fruits
to study the diversity of pathogenic yeasts and their antifungal susceptibility profiles.
Among the 62 screened apples, the surfaces of 8 were positive for C. auris, and all were
stored apples. Whole-genome sequencing (WGS) showed that C. auris strains from
apples were genetically diverse and exhibited broad phylogenetic distribution among
the subclades within clade 1. Interestingly, strains from apples had closely related strains
from other sources in India, including from patients, hospitals, and marine environ-
ments, and from clinical strains from other parts of the world. A broad range of fungi-
cides, including dimethyl inhibitors (DMls), were detected in stored apples, and all C.
auris isolates exhibited reduced sensitivity to DMls. Interestingly, C. auris was not iso-
lated from freshly picked apples. Together, the results suggest a potentially complex
ecology for C. auris with agriculture fungicide application on stored fruits as a signifi-
cant selective force for drug resistance in clinics.

IMPORTANCE In 2019, the U.S. Centers for Disease Control and Prevention classified
the multidrug-resistant Candida auris as one of five pathogens posing the most
urgent threats to public health. At present, the environment(s) that might have con-
tributed to the development and spread of antifungal resistance in C. auris is
unknown. Here, we tested whether fruits could be a source of multidrug-resistant C.
auris. We identified genetically diverse C. auris strains with reduced sensitivity to
major triazole dimethyl inhibitors fungicides on the surfaces of stored apples. The
successful isolation of C. auris from apples here calls for additional investigations
into plants as a reservoir of C. auris. Our findings suggest that C. auris in the natural
ecosystem may come in contact with agriculture fungicides and that stored fruits
could be a significant niche for the selection of azole resistance in C. auris and other
human fungal pathogens.

KEYWORDS C. auris ecology, natural environment, fungicides, dimethyl inhibitors,
cross-resistance, agriculture azoles

andida auris is a fungal pathogen and a serious threat to global health (1). Since 2009,
C. auris has caused an escalating number of health care-associated outbreaks. This
recently emerged pathogen exhibits high rates of drug resistance and high transmissibility
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within health care facilities, causing a significant challenge for treating infected patients
and for eradicating the pathogen from health care settings (2). Since its first identification
in 2009 in Japan, C. auris has independently emerged and/or spread to all populated conti-
nents, with several regions reporting clinical strains belonging to phylogenetically distant
clades (3-5). Indeed, genomic analyses have revealed the near-simultaneous emergence
of five distinct lineages across six continents, encompassing over 40 countries within the
past ~400 years (4, 6). A recent report about the isolation of C. auris from the marine envi-
ronment in India suggested a potential natural niche for C. auris (7). Specifically, the study
reported isolation of C. auris from the sandy beach and a tidal swamp in the tropical
Andaman Islands, with several strains showing close genetic relationships to clinical iso-
lates in mainland India. Interestingly, compared to the common feature of multidrug resist-
ance among clinical strains, one C. quris strain from the tidal marsh was sensitive to all
tested antifungal drugs. They hypothesized that the drug-susceptible C. auris strain from
an aquatic habitat with no known human activity might represent an ancestral state of the
pathogen which subsequently developed drug resistance during its adaptation to anthro-
pogenic environments (7, 8). At present, the environments that might have contributed to
the development and spread of antifungal resistance in C. auris remain a mystery.

In natural environments, yeasts are predominantly saprotrophs and have been found on
many types of ecological niches where organic compounds are common, including soil,
wood, litter, and the surfaces of leaves and fruits (9). For example, several species of yeasts
were isolated from fruits in tropical and subtropical habitats, including opportunistic human
pathogens Candida krusei, Candida orthopsilosis, Candida parapsilosis, Candida pelliculosa,
and Candida tropicalis (10-12). Notably, Lo et al. found fluconazole-resistant C. tropicalis on
the surface of fruits and with genotypes similar or identical to those infecting humans (11).
Given that stored fruits are often treated with fungicides to prevent postharvest spoilage
and to extend their shelf life, the results suggest that in addition to acting as an ecological
niche for pathogenic yeasts, fruits could also be a possible selective force for and a transmis-
sion reservoir of antifungal-resistant isolates of human-pathogenic yeasts (13). However, so
far, no isolate of C. auris has been reported from fruits.

In this study, we screened seasonal tropical and temperate fruits to study the eco-
logical diversity of pathogenic yeasts with an emphasis on the isolation of C. auris.
Colonies of C. auris were obtained from the surfaces of stored apples. The antifungal
susceptibilities and whole-genome sequences of all C. auris isolates were obtained and
compared with those of previously reported strains from India and other regions. Our
results suggest that exposure to fungicides used for fruit storage could be a selective
force for azole resistance in C. auris in clinical settings.

RESULTS

Yeast diversity on tropical and temperate fruits. This study analyzed fruit sam-
ples collected from March 2020 to September 2021. We surveyed a total of 84 fruits
representing nine fruit plant species, including seasonal tropical and temperate fruits
collected from New Delhi, adjoining National Capital Region (NCR), and other regions
of northern India. We focused on investigating yeasts on the fruits’ surfaces using the
swabbing technique. A total of 144 yeast strains belonging to 22 species were isolated
from the surface (epicarp) of fruits of the nine sampled species, with each fruit species
containing at least one yeast species (Table 1). Different from the epicarp, no yeast was
isolated from the endocarp tissue of any of the 84 fruits that we screened. Among the
isolated yeast genera, the genus Candida predominated (73%) the surfaces of all the
fruits investigated, with C. guilliermondii (20.8%) being the most common, followed by
C. parapsilosis (15.9%), C. tropicalis (13%), and C. auris (11%).

C. auris on apple surfaces. In this study, due to the broad cultivation of apples around
the world and their year-long availability in our local markets, we focused on investigating
yeasts from apples, with 62 of the 84 sampled fruits being apples. In addition, we focused
on the two most common varieties of apples in India, Red Delicious and Royal Gala. These
apples included both freshly harvested (n = 20) and stored apples (n = 42). The stored
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TABLE 1 Distribution of yeast species (n = 22) isolated from nine fruit plant species (tropical and temperate)®

Slot no. Species (no. of colonies) Fruit(s) (common name)
1 Candida auris (n = 16) Malus domestica™ (apple)
2 C. lusitaniae (n=7) M. domestica
3 C. parapsilosis (n = 23)° M. domestica
4 Lodderomyces elongisporus (n = 13)° M. domestica
5 C. carpophila (n=1) M. domestica
C. blankii (n=1) M. domestica
C. magnoliae (n = 1) M. domestica
C.rugosa (n=1) M. domestica
C. albicans (n=1) M. domestica
Issatechnika terricolis (n = 1) M. domestica
Hansempora uvarum (n = 1) M. domestica
H. vineac (n=1) M. domestica
6 C. tropicalis (n = 19)° M. domestica, Cucumis melo™ (Melon), Mangifera indica™® (Mango), Pyrus pyrifolia™" (pear,
kishtabahira, Asian pear), Punica granatum™ (pomegranate), Citrus sinensis™" (orange)
7 C. guilliermondii (n = 30)® M. domestica, M. indica, Prunus bokharensis™ (plum, Bokhara plum)
8 C. caribbica (n = 2) M. domestica, C. melo
9 Kodamea ohmeri (n = 16)° M. domestica, C. melo
10 Trichosporan asahii (n = 1) C. melo
C. krusei (n=1)
1 Pichia manshurica (n = 1) V. vinifera™® (grapes)
12 Merozyma ferinosa (n = 3) P. pyrifolia
13 C. kefyr (n=2) Ananas comosus™" (pineapple), P. granatum
14 Aureobasidium pollulans® (n = 2) M. indica

aTRP; tropical fruit, TEM; temperate fruit.
bTwo to six colonies per apple surface.
Black yeast.

apples were purchased from local fruit vendors of Delhi and adjoining NCR between
March and April in 2020 and between June and July in 2021. The fresh apples, all Red
Delicious variety, were collected during the harvesting season (September 2021) from four
apple orchards located in northern India, in the Solan and Kullu districts of Himachal
Pradesh and in Srinagar city of Jammu and Kashmir. Two of the four orchards, one in Solan
and the other in Kullu, used organic farming. In contrast, the orchard in Srinagar and the
other orchard in Solan used nonorganic farming approaches.

Among the 62 apples, 8 (13%) yielded C. auris. A total of 16 C. auris colonies were
recovered from surfaces of these eight apples (Tables 1 and 2). Candida auris was isolated
from the surfaces of both the Red Delicious (n = 5) and the Royal Gala (n = 3) varieties.
Interestingly, all 16 C. auris colonies were from stored apples purchased from the local
fruit vendors. In contrast, only 1 of the 20 fresh apples collected from the four orchards
resulted in a single yeast colony belonging to the species C. albicans. Overall, the surfaces
of the eight C. auris-positive apples yielded 1 to 5 colonies each by surface swabbing.
Interestingly, 4 of 8 apples positive for C. auris harbored only this yeast species, whereas the
remaining 4 apples were co-colonized by C. parapsilosis, C. guilliermondii, and/or Kodamaea
ohmeri. In contrast to the low yeast diversity of the 8 stored apples that were positive for
C. auris, the 34 stored apples from local markets that were negative for C. auris had high
yeast diversity. In total, these 34 apples harbored 16 species, including 11 spp. of Candida
and 5 species in five other genera (Tables 1 and 2).

Growth characteristics of C. auris strains on the surfaces of apples (CasSA). All
16 CasSA showed oval yeast cells without pseudohyphae, similar to that of the C. auris
reference strain B8441. The growth curve analysis of CasSA showed similar growth patterns,
reaching stationary phase within approximately 20 h. Furthermore, all CasSA grew in the
presence of 640 mg/L calcofluor white (CFW) and at 10% sodium chloride concentration.

CasSA exhibit haploid genome. Flow cytometry analysis of two randomly selected
CasSA and B8441 showed geometric mean value of growth phase 1 (G,) cells ranging
from 39,563 to 45,000 AU (arbitrary units), close to the geometric mean (40,794 AU) of
the haploid C. glabrata (ATCC 15545) (see supplemental material, Fig. STA to C). This
result indicates that our CasSA are haploid.

March/April 2022 Volume 13 Issue 2 10.1128/mbio.00518-22 3


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00518-22

mBio

Candida auris on Apples

ap1d16uny Jo L10631ed dy1dads 1oy annebaN,
'saj0zel (INQ) Jougiyul uonejAyiawady
‘Buiwiiey diuebio pasn g| 01 || ‘ou 10|s pue ‘Guiwiie) djuebiouou pasn SpIeYDIO WOI) ‘0L O 6 "0U 10]s ‘eIpu|

UWIBYMON J0 s3j2q buimoib-asjdde woly spieydlo ajdde aa.1y3 woly paydid-puey a1am ydiym sajdde [euosess Juasaidal Z| 03 6 ‘ou 10|s ‘(sa|dde paiols [euoseasuou) sIopuaA |ed0| woiy paseydind sajdde yuasaidal g 0y | "ou10|S,

u0I112313p ON uo112319p ON u0112313p ON s/0 snoidIaq pay 120z Joqwia1das Lz 4
uoI113313p ON uo112313p ON uoI113313p ON s/0 snoidIQ pay 120z J9qwia1das /£ 1L
N 5 sapIbuny IBYI0
N 5 sa|jozelq
(€0°0) go|0ZeUODOURYIQ 5
(50°0) g2|0ZeUODNGR] > sojozell| s/0 shoidl|3q pad 120z Jaquiandas € oL
(10°0) xoze1yiAxaH >
(10°0) |Auaydig > sapi1Ibuny 13YI0
5 5 sajozelq
(€0°0-10°0) g2|0ZEUODNGR] > sojozell| s/0 120z Joquiandas ¢ 6
uoid>313p ON uoid>313p ON uond319p ON s/0 snopI_g pay 120z AInf 9t 8
(91°1-55°0) [tueypdwnAg (€6°0) |lueyrawWuAg
(¢5'0-97°0) duiwelfuaydiq (9€°0) duiwejAuaydig sap1Ibuny 1BYI0
(#0°0) uIqosIsOPRIAY
(20°0-10°0) uiqonsopeIkd (€0°0) ®10ZEpUSqRIYL
(#0°0-20°0) 3j0zepuaqely | (20°0) iuoxolpni4 s9jozeld
(20'0-10°0) duozenusynsg (€0°0) euozenuayns sojoze | (L=u)s/1 shoidl3Q pay Lzoz AInr 9z L
(80°0-+0°0) ueaded (¢1°0) ueaded sappIbuny 1BYI0
N 5 sajozelq
5 > sajozell] LawYyo (T=u)s/1 e|eo |ekoy Lzoz Ainr 9z 9
(#0°0) pudopepiw
(€6'L-9%'L) [lueyIzWAY
(€0°0—€0°0) Plje250g (¥0°0) pijedsog sap1Ibuny 1BYI0
(20'0-100) uiqonsooIAd (20°0) uqonsoPoIAd
(€0°0) Jiuoxoipni4 (L0"0) |tuoxoipniy sajozeld
(910°0-€10°0) duozenusy|ns (610°0) duozenusyns ssjozey | (t=u)s/1 shoidisQ pay Lzoz AInr 9z S
(81°0-50°0) IAy3aW-WIXOSAIY (S0°0) IAyrswW-wixosauy| sap1Ibuny 1BYI0
(61°0-0°0) Wizepuaqied (£0°0) wizepuagued s9jozeld
(60°0-20°0) 210Ze|Isn|4 (20°0) gol0zejISN|4 sojoze | lipuowaljjinb > (L=u)s/1 e|en |ekoy Lzoz AInr 9t 14
(81°0-50°0) [Ay3dW-wWixosaly| (S0°0) IAY33W-WIIXOSDIY sapidIBuny 1BYIO
(61°0-70°0) Wizepusqied (£0°0) wizepusqued sajozeld
(610°0) dUozenUYNS
(20'0-10°0) g210Ze|Isn|4 (20°0) go10zZe|ISN|4 sojozel | (t=u)g/L e|eo |ekoy Lzoz aunf €
dUOop JON dUop 10N duop JoN (S=u)6/L een |efoy 0Z0T |dy GL 4
puowualjinb >
Quop 10N auop 10N auop 10N sisojisdpipd ) (€=u)s/T snoidIjaq pay 020T Y21ey 9L 1
s9|dde s9|dde sappIbuny sapads yseak (s@1uo|0d suND *) Jo ‘ou) fduen uo1339]|0 »s9|dde
aAnebau-sunp - od-srinp ) Jo L10631e) buiziuojod-0d> pauaauds sajdde [eyoy/sunp * a|ddy jo ajeq Jo ‘ouo|s

(wdd ur uduod) pa1delap apnIbung

10} aAnisod sajdde jo ‘oN

sapIdIbuny Jo UODR1AP pue sojdde 79 JO SodeLNS Byl WoJ) sa12ads 1seak Jo wnudads z 379Vl

4

10.1128/mbio.00518-22

March/April 2022 Volume 13 Issue 2


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00518-22

Candida auris on Apples

Presence of fungicides, including triazole DMIs, in apples. The results of gas chro-
matography-mass spectrometry (GC-MS) and liquid chromatography with tandem
mass spectrometry (LC-MS/MS) showed a diversity of fungicides in the analyzed apples
(Table 2). Specifically, of the 48 screened apples, 50% showed presence of triazole fungicides,
including three 14a-demethylase inhibitors (DMls), i.e, tebuconazole (TEB), difenoconazole
(DEF), and flusilazole (FLU). Furthermore, we also detected different groups of diazole
fungicides, such as methyl benzimidazole carbamates (carbendazim and thiabenda-
zole), quinone outside inhibitors (pyraclostrobin), and fludioxonil, a phenolpyrrole. The
fungicides were similarly distributed between apples with and without C. auris isolation.
As expected, no fungicide was detected in freshly picked apples from organically farmed
orchards, whereas triazole DMIs (TEB and DEF) were detected in the freshly picked apples
from nonorganic orchards.

CasSA show cross-resistance to agriculture triazole fungicides. We compared
the antifungal susceptibilities of medical antifungals and agriculture triazole fungicides
for the 16 CasSA with clinical and marine environmental strains from India (7, 14).
Except one isolate that had a fluconazole (FLC) MIC of 16 mg/L, the remaining 15
CasSA all had high FLC MICs, >128 mg/L. Further, high MICs of voriconazole (VRC; MIC
of =2 mg/L) and amphotericin B (AMB; MIC =2 mg/L) were observed in 50% and 44%
of the 16 CasSA, respectively (Table 3). Antifungal susceptibility profiles of other yeast
species isolated from fruits are given in Table 4. For agriculture triazole fungicides, the
16 CasSA also showed an overall low in vitro susceptibility. Specifically, high geometric
mean (GM) MIC values were observed for the three triazole fungicides (DMls): tebuco-
nazole (TEB; GM MIC of 45.25 mg/L), bromuconazole (BRO; GM MIC of 13.45 mg/L), and
flusilazole (FLU; GM MIC 6.72 mg/L). Interestingly, among these three DMIs, two (TEB
and FLU) were detected in the apples analyzed in the present study. Similarly, the 16
CasSA had a high GM MIC value of 128 mg/L against the diazole fungicide carbenda-
zim, also detected in our analyzed apples. Cross-resistance was also observed for the
clinical and environmental strains used here for comparison. For example, the 25 clini-
cal C. auris strains resistant to FLC (MIC of >32 mg/L) all exhibited high MICs against
agriculture DMIs, with high GM MIC values of 11.47 mg/L for TEB, 8.94 mg/L for FLU,
and 3.29 mg/L for BRO (Table 3 and Fig. 1). Interestingly, statistically significant (P = 0.0001)
4-fold-higher GM MIC values of TEB and BRO were observed in the CasSA population com-
pared to those in 25 FLC-resistant clinical C. auris strains (Table 3 and Fig. 1). Similarly, C.
auris strains from natural marine environment distant from agriculture with no fungicide
usage had statistically significant lower (2- to 9-fold; P = 0.0001) GM MICs of triazole fungi-
cides than the CasSA population.

A remarkable pattern noted was that clinical C. auris strains that were susceptible to
FLC (GM MICs of 2 mg/L) also showed low GM MICs (0.34 to 1.89 mg/L) for all agricul-
ture triazole fungicides tested. In fact, 3-fold and 24-fold decreases in GM MICs of TEB
and BRO, respectively, were noticed for clinical strains susceptible to FLC compared to
those of CasSA (P = 0.0001). Interestingly, a single strain (VPCI/F1/B/2020) of C. auris recov-
ered from apple which was less resistant to FLC (MIC 16 mg/L) also showed low MIC values
for all triazole fungicides tested, i.e., BRO (1 mg/L), FLU (1 mg/L), and TEB (4 mg/L).

Genomic analyses of C. auris. The whole-genome sequences of the 16 CasSA iso-
lated in this study as well as those of 43 previously reported Indian C. auris strains were
analyzed and compared using the NASP pipeline (15). Candida auris strain B8441 assem-
bly V2 was used as the reference clade | strain. The 43 previously published Indian strains
included 25 from patients, 5 from hospital environments, and 13 from the natural marine
environment from Andaman Island (2, 4, 7).

Genetically distinct CasSA belonged to different subclades within clade I. The
maximum-likelihood phylogeny clustered all 16 CasSA as belonging to clade |, consistent with
the grouping of other C. auris strains from India. The 16 CasSA formed five distinct genotype
clusters (A to E), with four clusters consisting of more than one CasSA isolate each; cluster D
was the exception, which contained a single CasSA, VPCI/F1/B/2020. Out of the 16 CasSA
strains, 10 from seven apples (F1, F5, F6, F36, F37, F38, and F39) belonged to three clusters
(A, B, and D) with no known closely related genotypes from other sources in India (Fig. 2).
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FIG 1 Scatterplot depicting MIC (mg/L) distribution of two DMIs, (A) tebuconazole and (B) flusilazole, against C. auris strains from surfaces of apples
(CasSA, n = 16), 25 fluconazole-susceptible clinical strains (MIC, <16 mg/L) and 25 fluconazole-resistant clinical strains (MIC >32 mg/L).

These apple-specific genotype clusters differed by 28 to 157 single nucleotide polymor-
phisms (SNPs) with the previously reported clinical, hospital inanimate environment, and
natural marine environment strains from India, indicating apple surfaces harboring unique
C. auris strains. In a broad analysis including 487 global clade | C. auris strains with genome
sequences deposited in GenBank as of August 2021, we separated these strains into seven
subclades each with at least 75% bootstrap support values. The details of 487 global clade
| C. auris are given in the supplemental material, Table S1. The 16 CasSA clustered into
three of the seven subclades, and their closest genotypes were all Indian clade | strains,
with genome-wide SNP differences ranging from 0 to 157 between individual CasSA and

their closest genotype from India (Fig. 3).

Genetically similar C. auris strains on different varieties of apples procured from
various sources. Genetically identical strains (0 SNP) were observed on the surfaces of
two groups of three apples each. One group included strains from apples F1, F5, and F6
(genotype cluster A). These three apples contained both varieties of apples tested, i.e.,
Red Delicious and Royal Gala, and they were procured from two different vendors sepa-
rated by 30 km. The second group of genetically identical strains included those from
apples F37, F38, and F39 (genotype cluster B). In addition, genotype cluster B also
included a genetically highly similar strain from apple F36 (2 to 9 SNPs), and together
these four apples (F36 to 39) including both apple varieties were procured from three
geographically separated vendors. We note that Delhi and NCR vendors purchase fruits
from the common National Fruit and Vegetable Market, one of the biggest wholesale fruit

and vegetable markets in Asia, located in North Delhi.

Heterogenous population of clade I C. auris strains on the surface of individual
apples. Interestingly, while several C. auris strains from different apples shared identi-
cal genotypes, we also observed that several apples contained strains of C. auris with
different genotypes. Specifically, apple F6 harbored three genotypes belonging to two
clusters which differed by as many as 59 SNPs. Similarly, the two strains from apple F1
differed by 107 SNPs. For the three apples (F35, F37, and F38) where two colonies each
of C. auris were isolated, the pairs of strains differed by 1, 7, and 8 SNPs, respectively,
for those from apples F35, F37, and F38. Together, the results here are consistent with
the colonization of apples by genetically distinct strains as well as microevolution of
the strains after their colonization on individual apples.

Candida auris strains on surfaces of apples are related to clinical strains. Out of
16 CasSA, 6 from two apples (F6 and F35) fell into two genotype clusters, C and E,
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FIG 2 Maximume-likelihood phylogenetic tree of 60 C. auris strains was constructed by using RAXML v8.0.25. Included in the tree are 16 C. auris strains
from surfaces of apples (CasSA), 13 environmental strains from Andaman Islands, India, and 30 Indian clinical strains along with reference strain, B8441. The
tree was constructed based on the 1,281 shared SNPs among the 59 strains. Branches with bootstrap support over 75% of 100 bootstrap iterations are

labeled with red markers. CasSA were highlighted in red and clustered in 5 subclusters (A to E).

which included both clinical and fruit strains. In cluster C, four clonal CasSA (0 to 3 SNP
difference) recovered from a single apple clustered with three clonal C. auris strains
recovered from a single hospitalized patient (VPCI/81/P/2020) and his inanimate hospital
environment (0 to 3 SNP differences). Interestingly, both clinical and CasSA strains in cluster
C were identical, with 0 to 3 SNP differences, consistent with their recent shared ancestry.
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FIG 3 Maximum-likelihood phylogenetic tree showing the relationships among 503 clade | Candida auris isolates from around the globe. The isolates’
relationships were inferred based on their whole-genome single nucleotide polymorphisms. Here, based on their branch lengths and bootstrap support
values, the 503 isolates were further classified into 7 subclades, including three major subclades (subclade I-1, subclade 1-2, and subclade I-3), with
subclade I-3 containing five more recently derived ones (subclades I-3a, I-3b, I-3¢, I-3d, and I-3e). Isolates within each subclade are highlighted with the
same background color over the isolate identifications. The color strip outside the isolate identification indicates the country of origin for each isolate. In
addition, isolates from India are highlighted with red squares. Furthermore, the isolates from apples in India are marked with blue stars, placed adjacent to
their red square labels. Branch lengths are proportional to the number of SNP differences among strains. Branches in magenta have a bootstrap support
above 75%.

Similarly, in genotype cluster E, two clonal CasSA (1 SNP difference) recovered from the sur-
face of apple F35 were found to be highly related (0 to 3 SNP differences) with four clonal C.
auris strains recovered from the ear of a patient (VPCI/83/P/2020) and his immediate inani-
mate environment. Together, these observations are consistent with the stored apples serv-
ing as a possible reservoir for transmission of C. auris strains among people and among eco-
logical niches.
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While genetically the closest clinical strains to the 16 CasSA strains were those
reported from India, several strains from outside India also showed high similarities to
some of the CasSA strains. For example, one strain from France was highly similar to fruit
strain VPCI/F1/B/2020. Similarly, two strains from Canada showed high SNP similarities to
genetic cluster A of the CasSA, comparable to the closest strain from India (Fig. 3).

Divergence time estimation of fruit isolates showed their emergence in the last
2 decades. The divergence time of the 16 CasSA from the other 43 Indian strains was
inferred using evolutionary model and Markov Chain Monte Carlo (MCMC) analysis in
BEAST v2.6.3 based on the concatenated sequences of only genes containing SNPs (16).
The specimen collection dates were used as the sampling dates and a strict molecular
clock model, and an exponential prior distribution on the clock rate was applied. In addi-
tion, we adopted a general time reversible nucleotide substitution and coalescent expo-
nential population model. The emerging dates of the fruit isolates were estimated by cal-
culating time to the most recent common ancestor (TMRCA) of other Indian isolates. All
16 CasSA were grouped into five clusters (Fig. 4). Cluster A, consisting of three C. auris
strains from three different apples with sample B11219, formed an outgroup of the clado-
gram including clusters B and C, and they diverged from the cladogram in 2005 (12.2 to
18.4, 95% highest posterior density [HPD]). Cluster B is the sister group to cluster C. They
diverged from each other in 2014 (4.7 to 8.4 years ago, 95% HPD). Cluster A and B11219
diverged from each other in 2006 (11.3 to 17.4, 95% HPD). Cluster E, containing two
CasSA and 4 Indian clinical samples, recently emerged and formed a bigger cladogram
around 2018 (1.8 to 3.4, 95% HPD), which is the outgroup for other 10 Indian clinical sam-
ples and one environment sample from Andaman Islands. The estimate divergence time
of the 11 samples and the outgroup is around 2005 (12.6 to 19.6, 95% HPD). Cluster D
contained a single strain, VPCI/F1/B/2021, and diverged earlier than other fruit isolates,
around 2002 (14.9 to 24.2, 95% HPD). The TMRCA frame of 2002 to 2005 overlaps the rise
in health care antibiotic consumption in India starting around 2004 to 2006. (17).

Genetic determinants of azole resistance in CasSA. Interestingly, CasSA showed
similar genetic determinants of antifungal resistance as previously reported in clinical
C. auris strains. CasSA strains showed amino acid substitutions K143R (n = 13) or Y132F
(n = 3) in the azole target ERG11 gene along with amino acid substitution V704L (n = 13) or
E709D (n = 3) in CDR1 gene (14). In the zinc-cluster transcription factor TAC1B, amino acid
substitution A640V was observed (18). In addition, two CasSA (VPCI/F35/A/2021, VPCI/F35/
B/2021) obtained from the same apple showed an amino acid substitution, G145D, in the
YMCT gene. These two isolates clustered in the phylogenetic tree (Fig. 2) with clinical
C. auris isolates that also had the same substitution (2). YMCl is associated with several
transmembrane transporter activities and is essential in mitochondrial transport as well as
important for glutamate metabolism in Baker's yeast Saccharomyces cerevisiae (19).

Cuticular wax components of C. auris-positive and -negative apples. A total of five
apples were investigated by GC-MS for their surface wax components, including two C.
auris-positive apples and three C. auris-negative apples (two freshly picked apples from
organic orchards and one stored apple). No specific wax component was present in C.
auris-colonized versus non-C. auris-colonized apples. Further, natural or synthetic wax
components could not be differentiated in stored versus freshly picked apples due to
the presence of similar components in the natural and artificial wax. Among fatty acids,
palmitic acid (C16:0) was detected in all five apples. Overall, a total of 41 aliphatic com-
ponents were identified in all apples (see supplemental material, Table S2).

Metabarcoding analyses of fungal communities on the surface of apples from
nonorganic orchards. As stated above, we were unable to obtain a single C. auris colony
from 20 freshly picked apples. However, the lack of success in isolating C. auris could be
due to the low population density and/or low viability of C. auris on the surfaces of those
freshly picked apples. To investigate this possibility, we directly analyzed the fungal com-
munities on the surfaces of two apples using the culture-independent metagenome barcod-
ing approach based on the internal transcribed spacer 1 (ITS1) sequences (12). Overall, the
results were consistent with the culture results in that no ITS1 sequence matched that of
C. auris from either apple. In addition, similar to culture results, several Candida species
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FIG 4 Maximum clade credibility phylogenetic tree of 16 CasSA isolated in the present study, and 43 previously published Indian C. auris strains from both
clinical and natural marine environments along with clade | reference strain B8441.

were detected, including C. orthopsilosis, C. albicans, C. glabrata, and C. krusei (Pichia kudriav-
zevii). The detailed fungal species distributions obtained from these two apples are given in
the supplemental material (Tables S3 and S4).

DISCUSSION

Our results demonstrate that the surfaces of stored apples represent a novel reservoir
of transmission of C. auris and show unequivocally that some of the strains from stored
apples belong to the same clonal groups as clinical isolates from India. In addition, high
levels of antifungal resistance are common among these environmental isolates from apples.
The results expand our understanding of the ecology of C. auris and should help develop a
better strategy to minimize the spread of this multidrug-resistant fungal pathogen. The suc-
cessful isolation of C. auris from apple surfaces is not surprising. Ecologically, yeasts are broadly
distributed. Candida auris belongs to the Clavispora clade of the Metschnikowiaceae family, a
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group of yeasts isolated principally from nonhuman sources such as plants (both living
and dead) and marine environments (7, 20). Previous studies have shown that several
Metschnikowia spp., including Metschnikowia pulcherrima, Metschnikowia sinensis, and
Metschnikowia fructicola, and Candida pruni of the Clavispora clade are commonly associ-
ated with fruits (21, 22). For example, both M. pulcherrima and M. sinensis have been isolated
from apples (23). Interestingly, most of these isolations have come from Southeast Asia, in
the tropical environments. Specifically, together with results from our previous report on the
isolation of C. auris from the salt marsh with extensive vegetation, plants in tropical marine
wetlands could represent a significant source of C. auris as originally proposed by Casadevall
et al. (8, 24).

The present study further documents the occurrence of C. auris isolates with reduced
sensitivity to major DMI fungicides on the surface of apples. As expected, a broad range of
fungicides were detected in the screened apples, including three triazole DMIs, namely,
tebuconazole, difenoconazole, and flusilazole. DMIs share molecular structure characteristics
to medical triazoles, and in the agriculture settings, these fungicides have been proposed as
a selective force for cross-resistance to medical azoles in human-pathogenic fungi such as
Aspergillus fumigatus (25). Indeed, previous studies have shown that cross-resistance to med-
ical triazoles can also be achieved in vitro by exposing yeasts to agriculture azoles. For exam-
ple, a recent report demonstrated that strains of the C. parapsilosis species complex exposed
to DMs (tebuconazole and tetraconazole) for 15 days developed reduced fluconazole sus-
ceptibility (26). Similarly, exposure of C. parapsilosis to tetraconazole, an agriculture triazole,
led to decreased susceptibility to three medical triazoles, i.e., fluconazole, itraconazole, and
voriconazole (27). Candida auris strains in the present study exhibited fluconazole resistance as
well as high MICs toward voriconazole. We believe that the azole fungicides on the surface
of apples have likely contributed to the observed high triazole MICs in these C. auris strains.
Indeed, large amounts of fungicides are used worldwide in apple cultivation to control fun-
gal diseases on apples, such as apple scab caused by filamentous fungus Venturia inaequalis.
A recent study reported that a long-term fungicide use led to decreased sensitivity of V.
inaequalis strains to multiple fungicides, including DMs, in field conditions (28). In the present
study, all C. auris strains excepting one from apples showed resistance to three triazole fungi-
cides (DMIs), i.e,, tebuconazole (GM MIC of 45.25 mg/L), bromuconazole (GM MIC of 13.45 mg/
L), and flusilazole (GM MIC of 6.72 mg/L). Our findings suggest that C. auris in the natural eco-
system may come in contact with agriculture fungicides and fruits may be a potentially signifi-
cant niche for the development of azole resistance in C. auris (Fig. 5).

This study observed that 13% (n = 8/62) of the apples were positive for C. auris, yielding
a total of 16 C. auris strains from surfaces of eight apples. Genomic analyses revealed both
genetically distinct strains and closely related clonal clusters, with some of the clonal geno-
type clusters consisting of strains from different apples, including apples of different vari-
eties and/or from different vendors. The results suggest that either the C. auris strains were
from the common wholesale fruit market in Delhi and NCR or that long-distance strain disper-
sal is common for this species in this geographic region. Interestingly, C. auris was recovered
only from stored apples, and none of the freshly harvested apples collected from conventional
and organic farms was positive for C. auris. In fact, the metabarcoding (microbiome) analysis
of fresh apples showed negative results for C. auris. Thus, the most likely hypothesis about the
origin of C. auris on the surface of stored apples is the contamination of apples by fingers and
palms of humans who were colonized with C. auris during the postharvest treatment and stor-
age and through the distribution chain. However, the genetic uniqueness of many of the
strains suggests that there were likely multiple sources of C. auris contamination on the stored
apples. Further, it is important to emphasize that in the stored apples the fungal diversity is
likely prone to change over time (29). Indeed, the composition of the postharvest microbiome
of apples is known to be affected by bacterial and fungal communities present in packing
houses where fruits are processed for market and storage after harvest (29). For example, a
high prevalence of medically important yeast genera (Malassezia, Candida, and Trichosporon)
associated with human infections was observed on Red Delicious apples sampled from a local
supermarket in West Virginia, United States, but the source of these genera from handling
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FIG 5 Schematic representation of stored apples as a possible reservoir of selection and transmission of azole-resistant C. auris.

prior to or after arriving at the supermarket could not be determined (29). It should be noted
that only a small number of freshly harvested apples were screened in the present study and
our understanding of the natural microbiota of our apple cultivars in India is very limited. As a
result, it is difficult to interpret if the surface of stored apples represents a significant reservoir
of C. auris. In addition, we were unable to identify the source of C. auris from handling prior to
our purchase from the local vendors. It is plausible that multiple practices, like cryopreservation
and wax coating with additional fungicides during the storage of apples, may alter the myco-
flora of apples’ surfaces. Subsequently, C. auris could be amplified under the directional selec-
tion pressure of fungicides. Interestingly, in four of the eight apples, C. auris was the only
observed yeast, suggesting a potential competitive dominance of C. auris over other yeasts on
the surfaces of apples. Indeed, on human skin, commensal Malassezia-dominated commun-
ities were replaced by communities dominated by C. auris soon after the invasion by C. auris,
including a significant reduction of other Candida species (30).

Common practices used to maintain quality and increase shelf life of stored apples
include precooling, washing, sanitizing, and waxing. With these treatments, apples can
be stored for 6 to 12 months at low temperatures (1 to 2°C) before distribution. These
procedures can affect the natural protective wax layer that covers a fruit's surface (31).
Therefore, it is a common practice to apply a thin layer of edible wax, consisting of
esters of a higher fatty acid with monohydric alcohols, hydrocarbons, and free fatty
acids, to serve the same function as natural wax, i.e., covering fruit injuries, reducing
water loss, and adding a shine/gloss to the fruit surface (31). Interestingly, East Asian
and Iranian clades of C. auris are found almost exclusively in the internal ear canal,
which also contains natural ear wax (19). Candida auris association with natural wax
components may explain the presence of this yeast in waxed/stored apples. In fact, lin-
oleic acid, oleic acid, palmitic acid, and stearic acid are the major free fatty acids which
are common in both ear wax and apple cuticular wax (32, 33).

In addition, wax has been used as a carrier of fungicides and no significant change
in the amount of fungicide residues was observed during a 40-day storage of waxed
apples under ambient conditions (13). In the present study, in stored apples 12 differ-
ent fungicides were detected, whereas freshly picked nonorganic apples had 4 types
of fungicides. The additional classes of fungicides on stored apples were likely added
during postharvest treatments of the stored apples. These additional fungicides on
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stored apples could act as strong selective forces for multidrug-resistant species such
as C. auris.

CasSA strains showed substantial genetic diversity and broad phylogenetic distribution
among the subclades within clade |. Interestingly, these fruit strains had closely related strains
from other ecological niches in India, including those from patients, hospital environments,
and marine environments. However, strains from other parts of the world that are genetically
similar to the Indian fruit strains have also been found, including one from France and two
from Canada. Interestingly, the French strain (CNRMA15-337; SRR10723348) was from a patient
on Reunion Island in the Indian Ocean and who had travel history to India (6, 34). Similarly, of
the two strains from Canada that showed close relationships to three fruit strains (VPCI/F1/A/
2020, VPCI/F5/A/2020, and VPCI/F6/E/2020), one (strain CNISP2, i.e., SRR10554762) was from
a patient who was previously hospitalized in India (35), while no demographic information is
available for the other strain, B13464 (i.e,, SRR10461158) (6). Together, these results suggest
that stored apples could be a source of transmission of C. auris in health care settings.
Indeed, more extensive sampling of other stored fruits and from other geographic and
ecological niches could reveal additional strains showing close relationships among the
ecological niches.

Aside from C. auris, this study also revealed other pathogenic Candida spp. such as
C. guilliermondii (27%), C. parapsilosis (23%), and C. tropicalis (19%), on the surfaces of fruits.
Indeed, among the 22 yeast species isolated from fruits, 12 are known to be capable of caus-
ing invasive fungal infections. A recent report showed that Candida blankii caused an outbreak
of nosocomial fungemia in a neonatal intensive care unit in India (36). At present, the source
(s) of the pathogen for the outbreak is not known. However, the isolation of C. blankii from
apple surface suggests that apples could serve as a contact point for transmission of this yeast
to patients. Detailed genotypic analyses of strains from diverse sources are needed in order to
identify the potential sources for this and other outbreaks.

This study expands our understanding of C. auris ecological niches and will serve as
a resource for future studies exploring this yeast in natural environments. Our study
revealed that the ecology of C. auris is likely more complex and diverse than what is
known so far. In addition, our study suggested that fungicide application on stored
apples and potentially other fruits could be a significant selective force for drug resist-
ance in clinics. Together, the information generated here could guide future epidemio-
logical studies of C. auris in other parts of the world and help design better manage-
ment and control strategies against this important fungal pathogen.

MATERIALS AND METHODS

Isolation and identification of yeasts from fruits. A total of 84 fruits were processed within a day
of receiving. Briefly, sterile swabs were swept over the epicarp of fruits and inoculated on Sabouraud dextrose
agar with chloramphenicol and gentamicin (SDA-CG) plates, on CHROMagar Candida (Becton, Dickinson,
Baltimore, MD, USA), and in yeast nitrogen broth (YNB) (2, 11) and incubated at 37°C. Also, a small piece of
flesh without epicarp was cut and homogenized in saline. Four hundred microliters of suspension was inocu-
lated on SDA-CG, on CHROMagar Candida, and in YNB (2, 37,). Identification of yeast colonies was done by
matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS; Bruker Biotyper
OC version 3.1, Daltonics, Bremen, Germany) and internal transcribed spacer region (ITS) sequencing (2).

Detection of fungicides in the apples using GC-MS and LC-MS/MS. Extraction and cleanup of
unpeeled whole apples were done as recommended by pesticide residue analysis manual 2007, ICAR (38).
Briefly, gas chromatograph (Nexis 2030, Shimadzu, Japan) with mass selective triple quadruple detector (GG-MS/
MS TQ 8040 NX, M/s Shimadzu, Japan) and liquid chromatography (Aquity UPLC, Waters Corporation, USA) fitted
with mass detector (AB 3200, AB Sciex, USA) was used for analysis. For separation of analytes through GC-MS and
LC-MS/MS, SH-Rxi-5Sil MS and Chromolith RP-18 columns were used, respectively (39).

Morphological characterization of Candida auris. CasSA and reference B8441 strains were subcul-
tured on SDA, yeast peptone dextrose agar (YPD), and rice Tween agar and incubated at 28°C, 37°C, and
42°C for 5 days. Cells were monitored under optical microscope (Nikon H600L, Japan) at x40 magnification.

Growth kinetics. For calcofluor white (CFW) susceptibility and salt tolerance testing, all CasSA along
with B8441 were grown at 5 mg/L to 2,560 mg/L concentrations of CFW and 10% of sodium chloride (NaCl).
Growth turbidity was measured by microplate reader (Infinite 200 Pro, Tecan, Switzerland) at 37°C for 24 h as
described previously (7). Also, growth at 37°C and 42°C for 48 h was checked as detailed previously (7).

Determination of ploidy of C. auris strains. Two CasSA strains along with clade | reference strains
(B11098 and B8441) and Candida glabrata (ATCC 15545) were subjected to fluorescence-activated cell
sorting (FACS; FACSAria Ill, BD Biosciences, USA). Sample preparation and analysis were done as recom-
mended by Todd et al. (40). Flowjo 7.8 software was used to interpret the FACS results.
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Antifungal susceptibility testing against medical antifungals and agriculture azoles. Antifungal
susceptibility testing (AFST) was performed using the CLSI broth microdilution method (BMD), following
M27-A3 (41). AFST for 10 antifungals was performed as described previously (14). Agriculture triazole
fungicides tested were tebuconazole (TEB), epoxiconazole (EPX) propiconazole (PCZ), bromuconazole
(BRO), flusilazole (FLU), and two diazoles, namely, pyraclostrobin (PCL) and carbendazim (CBZ). All agri-
culture azoles were procured from Sigma (St. Louis, MO, USA), and dilutions for TEB, EPX, PCZ, PCL, BRO,
and CBZ were 0.25 to 128 mg/L and 0.125 to 64 mg/L for FLU. Candida krusei ATCC 6258 and Candida
parapsilosis ATCC 22019 were used as quality control strains. All statistical parameters were calculated
by using Prism version 6.00 (GraphPad Software).

Genome sequencing. DNA extraction was done by QlAamp DNA minikit as described previously (2,
7). Whole-genome sequencing (WGS) libraries were prepared using NEBNext ultra Il DNA FS kit (New
England Biolabs, Ipswich, MA, USA) and sequenced on Illumina HiSeq 4000.

Variant identification and phylogenetic analysis. For phylogenetic analysis, genomes of 42 previ-
ously published Indian strains, comprising 24 clinical strains, 5 strains from hospital environments, and
13 marine environmental strains from Andaman Islands, India (2, 4, 7), were retrieved for comparison
along with B8441, the clade | reference strain. All strains were subjected to NASP pipeline for genome
sequencing analysis. First, raw reads with average quality value of 5 bp window lower than 20 or length
shorter than 80 were removed using Trimmomatic v.0. Then, the filtered reads were mapped to refer-
ence genome B8441 using BWA mem v0.7 and variants were identified using GenomeAnalysisTK v2.7.4
(3, 7). Afterwards, single nucleotide polymorphisms (SNPs) were filtered out if they were in reference ge-
nome duplicated regions, failed the minimum coverage threshold of 10, or had less than 90% of the
reads supporting the call. The phylogenetic tree was constructed using RAXML v8.0.25 (42) under
ASC_GTRCAT nucleotide substitution model and 1,000 bootstrap replicates. After we removed SNP sites
that had ambiguous calls in over 0.5% of the samples, 1,281 SNP sites remained among the Indian sam-
ples and were concatenated. Additional phylogenetic analysis used B8441 as reference and includes 16
fruit isolates as well as 487 previously reported clade | C. auris samples. In this broad analysis, SNP sites
with ambiguous calls in over 0.5% of the samples were removed and the remaining SNPs were con-
catenated for each sample. Maximum-likelihood phylogeny was constructed using RAXML-HPC2 on
XSEDE in the CIPRES Science Gateway (43). The tree uses the ASC_GTRCAT nucleotide substitution
model and 1,000 bootstrap iterations and was visualized with iTOL (44).

Divergence time estimation of fruit isolates. The sequences of genes that contain SNPs in any of
the 59 samples (43 previously published genomes and 16 CasSA) were concatenated and aligned as one
partition. The length of MCMC chain was set to 100 million steps, and samples were recorded every
5,000 steps. Tracer v.1.7.1 was used to investigate MCMC convergence (2). The MCMC chain converged
with the effective sample sizes exceeded 700. A maximum clade credibility tree was generated by
TreeAnnotator v1.8.4 after discarding 5% as burn-in and visualized in FigTree v1.4.4 (http://tree.bio.ed.ac
.uk/software/figtree/). The emerging dates of the fruit isolates were estimated by calculating time to the
most recent common ancestor of other Indian isolates.

Detection of cuticular wax components in apples using GC-MS/MS. A total of five apples, includ-
ing two C. auris-positive and three C. auris-negative apples representing stored (n = 3) and freshly picked
(n = 2) from organic orchards, were screened for wax profiling. Apple peel was removed and grounded
and the extraction of organic components was done as described previously (39). For wax profiling, gas
chromatography-tandem mass spectrometry (GC-MS/MS; Agilent 7890A, USA) with an HP-5 column
coupled with an Agilent 7000 QQQ MS was used. Analysis of samples was done as recommended by
Bhatnagar et al. (45). Metabolite identification was done by comparing their mass spectra with those
obtained from authentic samples and/or the NIST (National Institute of Standards and Technology, USA)
mass spectral database using Mass-Hunter software (version B. 05.00).

Metagenomics. Peels were removed and placed in 0.05 M phosphate buffer (pH 6.8) for 30 min with
shaking at 200 rpm. Peels were discarded and the solution was stored at —20°C until subsequent analy-
sis. Microbial genomic DNA was extracted by using a column-based method with a QlAamp DNA minikit
(Qiagen, Hilden, Germany) and quantified by QUBIT 3 Fluorometer using dS DNA HS dye. Primers ITS1
and ITS2 were used to amplify and sequence the ITS1 region. The processed paired-end reads were
mapped using KMA (46). The KMA result file was subjected to metagenomic classification using
CCmetagen v.1.2.5 and Kraken2 v.2.1.1, and the report was visualized using krona (CCMetagen-1.2) and
Pavian (47-49).

Data availability. The genome sequences of all 16 C. auris strains isolated in the present study from
the surfaces of apples are accessible through BioProject number PRINA809768.
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